Medicine shortages have been spreading in European countries. In many cases, the unavailability of medicinal products has a substantial impact on the capability of National Healthcare Systems in ensuring the continuity of care. Shortages originate from multifactorial causes. In particular, they can be due to supply-related factors (e.g., manufacturing issues, regulatory issues, logistics, distribution) and demand-related ones (e.g., fluctuating drug demand, parallel market, tendering, price and reimbursement policies). However, some extraordinary geopolitical events (e.g., Brexit) may also affect medicines' availability. The capability of European Regulatory Authorities and other stakeholders, which are involved in the pharmaceutical distribution chain and the healthcare assistance services, to define suitable problem-solving strategies has been limited for years by the fragmentation of the European regulatory framework, starting from the lack of a univocal definition of a medicine shortage. Only in 2019, the EMA and HMA joint task force released the first harmonized "shortage" definition in the European Economic Area (EEA) and guidance on public communication. This manuscript aims to review the current European regulatory framework on medicine shortages. To support the activities of regulators, manufacturers and other healthcare professionals, an algorithm was also proposed to be used as a harmonized procedure to determine the shortage/unavailability impact on public health and to rationalize the problem-solving strategies adopted in all different settings.
Introduction
Medicine shortages have risen worldwide, straining the capability of National Healthcare Systems in ensuring patients' access to pharmacological therapies (Beck et al., 2019; Jia and Zhao, 2017, Schwartzberg et al., 2017) . The resilience of the pharmaceutical distribution chain and other stakeholders varies based on different factors, such as product characteristics and the involved countries (Birhli, 2013) . The unavailability of medicinal products to patients can be due to supply-related factors (e.g., manufacturing issues, regulatory issues, logistics, distribution) and demand-related ones (e.g., fluctuating drug demand, parallel market, tendering, price and reimbursement policies). Moreover, extraordinary geopolitical events [e.g., Brexit, outbreak in China] can also have a strong influence on the resilience of the pharmaceutical chain and the patients' access to therapies. Even if globalized players control the research and production of medicinal products by now, the activities of Regulatory Authorities are still based on national or supranational [i.e. European Union (EU)] frameworks. In Europe, the capability of the Regulatory Authorities and other subjects involved in the pharmaceutical distribution chain and the healthcare assistance services in defining suitable problem-solving strategies has been limited by the fragmentation of the regulatory framework (Bochenek et al., 2018; De Weerdt et al., 2015a) . Only in 2019, the EMA and HMA released the first harmonized "shortage" definition in the European Economic Area (EEA) (EMA and HMA, 2019b) . Although the proposed definition was relevant only for Marketing Authorization Holders (MAHs) and Regulatory Authorities, it is the first step to promote the communication and the coordination among European pharmaceutical stakeholders, regulators and professionals working in the different National Healthcare Systems for improving their resilience to shortages. However, the kaleidoscopic regulatory framework on shortage is not the only critical factor, but the heterogenicity of the National legislation, reimbursement and price policies, and medicines' market around Europe limited the establishment of a solid European emergency plan to solve the shortage problem.
Considering that numerous factors cause shortages, a univocal problem-solving strategy cannot be established at the European level. The needs of big-pharmaceutical markets, such as Germany (Said et al., 2018) or Italy (Di Giorgio et al., 2019) , are far from those of small ones like as Finland (Heiskanen et al., 2017) . Moreover, excessive fragmentation of the National regulatory frameworks may be itself a cause of drug shortage. The relationship between the price policies and availability of medicinal products is known (Dave et al., 2018; De Weerdt et al., 2015b) . Considering the different reimbursement policies of Member States (WHO, 2018) , the price of the same medicinal product may vary significantly around Europe. In this context, the exportation of drug products to more profitable markets (e.g., parallel trade) is frequently cited as one of the demand-related causes of drug shortages (De Weerdt et al., 2015b) . Noteworthy, such a cause-effect relationship is still debated (Aguiar and Ernest, 2020) . The importation of medicinal products from other EU or extra-EU countries is also the most common strategy to mitigate the adverse effects of severe shortages (Said et al., 2018) . Notably, small European countries might not be profitable enough for MAHs to justify building new manufacturing sites and marketing medicinal products. In this context, for justified public health reasons, the National Regulatory Authorities can adopt regulatory pathways to speed up the release of the marketing authorization (e.g., Art. 126a of Directive 2001/83/EC) and, therefore, to make medicines available on the National market. Otherwise, parallel trade can be a possible solution to ensure the patients' access to treatments. For example, besides the granting of National marketing authorizations, a small English-speaking country like Malta ensures its medicines' supply mainly by Art. 126a authorizations, while parallel import licences contribute only to the residual needs (less than 10%) (Farrugia, 2018) . Indeed, the application of Art. 126a permits the MAHs of products already authorized in other English-speaking EU countries (e.g., UK, Ireland) to have easy access to the Maltese market. However, Brexit (EMA, 2019a) and some concurrent updates of the European regulatory framework might worsen such a delicate balance. For example, the new medicine traceability system introduced in the EU by the Regulation (EU) 2016/161 increased the costs of both the production and the distribution of medicinal products, affecting the economic sustainability of the all actors involved in the pharmaceutical supply chain (e.g., MAHs, parallel distributors). The potential repercussions on patients' access to treatments in the more fragile EU countries are foreseeable, especially in the case of low-price medicinal products (e.g., generics).
In the current situation, it is evident that the same strategy may have different efficacy in shortage mitigation according to the features of European countries involved. As a consequence, rational and practical shortage emergency plans should originate from stronger cooperation among European countries and based on the assessment of pros/cons balance at a supranational level.
This manuscript aims to review the current upgrade of the European regulatory framework on medicine shortages and to propose a theoretical approach for 1) determining the shortage/unavailability impact on the capability of the National Healthcare Systems and 2) rationalizing the problem-solving strategies to be adopted in function of the leading cause of shortage (e.g., production, price and importation/exportation). Such an approach would be useful to the European Regulatory Authorities in the harmonization of the metrics around the Union. Moreover, it would also be helpful to other subjects involved in the National pharmaceutical distribution chains and healthcare systems (e.g., manufacturers, wholesalers, hospitals, pharmacies, insurance companies, regional healthcare Authorities). In this light, it should be flexible enough to rationalize the risk-assessment and risk-management strategies for the mitigation of the shortage effects in different industrial and healthcare settings.
Current regulatory framework and problems till on the ground
According to Article 81 of the Directive 2001/83/EC, MAHs and their distributors should ensure appropriate and continued supplies to pharmacies and authorized persons to meet the needs of patients in the different European countries. If a temporary or permanent disruption of the supply occurs, the MAH has to notify the competent Authorities, also providing information about the causes (Art. 23a of the Directive 2001/83/EC). The notification should be made no less than two months before the interruption of the supply is in place. In some cases, such deadline was extended, e.g. to 4 months in Italy (Italian Republic, 2019) . Moreover, Art. 123 of the Directive 2001/83/EC leaves plenty of room to the Member States in establishing appropriate measures to ensure the prompt communication among stakeholders about authorizing marketing, supplying and withdrawing a medicinal product, together with the reasons on which such decisions are based.
In the absence of specific, harmonized and detailed guidance on the detection and notification of supply interruption at the European level, the regulation fragmentation occurred at the National level. The term "shortage" has taken on different meanings around Europe (De Weerdt et al., 2015a , 2018 . The French legislation defined shortages the inability for a community or hospital pharmacy to deliver a drug to a patient within 72 hours (Bocquet et al., 2017) . In Germany, different words were used to identify the drug shortages at a delivery-level (i.e. lie-ferengpass) and those that compromise the patient therapies in the absence of available therapeutic alternatives (i.e. versorgungsengpass) (Said et al., 2018) . In Italy, the Italian Medicines Agency (AIFA) distinguishes between carenze, which identifies all manufacturing-related shortages including also those caused by MAH voluntary withdrawal (temporary or permanent), and indisponibilità, which identifies the unavailability of a medicinal product in a specific geographical area due to inefficiencies of the pharmaceutical distribution chain (Di Giorgio et al., 2019) . Such fragmentation has also been evident in the communication strategies adopted by the different EU Member States (Bochenek et al., 2018) .
According to a survey carried out by the EMA and HMA in 2019, about 87% of the EU competent Authorities published shortages alerts to healthcare professionals and patients, whereas industries and other regulators were the alerts' recipients only in the 60% of the cases (EMA and HMA, 2019b) . In general, the information on ongoing/expected shortages have been publicly available in web-accessible catalogues periodically upgraded, but other communication tools have also been used (e.g., relevant organizations' channel, press releases, professional/ medical journal, TV, newsletter, social media). In some cases, shortage alerts have been shared in the National electronic patient health systems or the electronic prescribing systems used by physicians and pharmacists (7%). However, in the majority of cases (69%), no specific criteria have been set by the National Authorities for the publication. Moreover, the published data vary significantly case-by-case and country-by-country, improving the confusion for professionals and patients at National and European levels.
In this light, significant efforts to implement the regulatory framework were undertaken by the European Authorities. Single National points of contact (SPOC) have been created to facilitate sharing of the information about nationwide medicine shortages and the coordination of emergency plans among the competent National Authorities and the EMA. For multi-country shortages, the EMA's scientific committees should also be involved to write harmonized recommendations to healthcare professionals.
In 2019, the EMA and HMA released two joint guidelines on shortages, which provided recommendations to improve the collaboration among Regulatory Authorities and stakeholders (EMA and HMA, 2019a,b) . The "Guidance on detection and notification of shortage of medicinal products for Marketing Authorization Holders (MAHs) in the Union (EEA)" contained the first harmonized definition of shortage valid for all the EU (EMA and HMA, 2019a). "A shortage of a medicinal product for human and veterinary use occurs when supply does not meet demand at a national level". According to such definition, unavailability of a medicinal product can be classified as a shortage only if the MAH supply is insufficient to fulfil the demand of a specific country overall, at least. Consequently, delivery-related issues due to regional supply disruption or inefficient National redistribution of stock are explicitly out of the definition, leaving to National Authorities plenty of room in establishing their approaches to prevent the unavailability issues. According to the new regulatory provisions, the MAH should notify any shortages, including impending/anticipated supply interruptions, to the Regulatory Authorities of the affected European countries (EMA for medicinal products authorised by a centralised procedure). Moreover, MAHs are asked to provide detailed information about the product, the nature and time of the shortage, the availability of alternative medicinal products, the population affected by shortage and the risk for patient safety or a reduction in treatment access (Annex to the guideline). Such information is then used by the competent Authority to triage and assess the shortage of risks.
The second HMA/EMA guideline, "Good practice guidance for communication to the public on medicines' availability issues", aimed to enhance and align the European communication on a shortage to improve the awareness of healthcare professionals and patients and the cooperation among European stakeholders (EMA and HMA, 2019b) .
Several key recommendations are provided to National Authorities about what should be publicly available on shortages or unavailability due to revocation/cessations of the marketing authorization. The guideline states, for example, that all nationwide shortages should be published in systematic lists, which should be easily accessible and searchable by the public in all the EU countries. The shortage information should also be publicly communicated as quickly as possible to ensure the continuity of care, and it should remain accessible, at least, after six months from shortage resolution. For each ongoing/expected shortage, the systematic list should report details about the affected medicinal product, the shortage duration and cause, the adopted mitigation strategies, the advice for healthcare professionals, including potential alternative medicinal products and recommendation to change in clinical practice/in use of medicine. The best communication tool should be selected based on the shortage gravity; the high-profile tools (e.g., press release) should be preferred for severe shortages with a high impact on public health.
Following the publication of HMA/EMA guidelines, several European stakeholder associations have released position papers confirming their significant concerns on the shortages in the EU and proposing solutions to overcome criticalities still on the ground regardless of the HMA/EMA task force interventions. In May 2019 more than 30 organisations representing patients, consumers, healthcare professionals and public health advocates stimulated the European Commission to do more in identifying the factors leading to medicines shortages and providing clear and transparent information on the root causes (Various Associations, 2019a). In December 2019, the European associations representing manufacturers, parallel distributors, pharmaceutical full-line wholesalers and industrial pharmacists issued a position paper in which they stated their view on the root causes' classification and provided suggestions to improve the European cooperation in preventing shortage impact on public health (Various Associations, 2019b). In particular, it has been highlighted the need to find collaborative solutions for medicine shortages to coordinate EU and National policies and communication campaigns. The cooperation should start from the adoption of a harmonized shortage definition and the rational definition of a "risk of shortage" for essential products in the EU. Moreover, they also underlined the importance of improving the monitoring of shortages and cooperation in the EU by the establishment of a priority ranking of shortages to address "high-risk" medicinal products efficiently without introducing disproportionate initiatives that could have opposite effects to the ones intended.
Although the HMA/EMA guidelines released in 2019 represent an essential first step to provide a harmonized solution for the shortages in Europe, the proposed approach seems perfectible. For example, the cooperation process among the concerned National Authorities is not detailed, since no systematic procedure on the information sharing among National SPOC has been provided yet (EMA and HMA, 2019a,b) . At the moment, only EMA's decision tree specific for shortages due to GMP non-compliance/quality defects is publicly available (EMA, 2013). Moreover, no procedures to triage the shortage impact on patient's health were detailed in the guidelines, leaving plenty of room to the Member States in defining the measures to assess the information notified by the MAH and mitigate the risk of shortages. However, there is a strong need for proper and effective risk-assessment and problemsolving strategies to reduce nationwide shortages without wasting money and time. In the absence of a harmonized triage procedure, there is the risk of increasing the workload for MAHs and Regulatory Authorities to manage shortages with a low impact on public health, even though they are already mitigated and managed effectively at dispensing level. As reported by the Royal Dutch Pharmacists Association Farmanco® platform, the continuity of treatments is ensured in about 90% of the medicine shortage cases by the medicine substitution with therapeutic alternatives (PGEU, 2019) . When more than one country is involved in a shortage, the situation is even more critical. For example, the same medicinal product may be triaged in different matters by competent National Authorities and different mitigation plan may be required to the MAHs. This hypothesis is particularly relevant for comarketing products produced by the same contractor or medicinal products authorized by decentralized or mutual recognition procedures. The involved SPOC may not be able to assess the shortage crisis quickly and to coordinate the mitigation strategies in a useful matter. Consequently, the efforts of MAH/contractor in restoring the National supply may be slowed down by different National obligations that contrast each other. For example, in the presence of reduced manufacturing capacity, the obligation for MAH to maintain a preventive stockpiling in some countries (e.g., Switzerland) may worsen the product availability in the other involved markets. Another critical issue, which has not been adequately tackled by the guidelines yet, is the management of product shortages induced by raw materials unavailability. Indeed, the ongoing/expected shortages of raw material may cause, for a ripple effect, shortages of medicinal products in several countries without MAHs can predict or notify them in advance. Economic globalization promotes the delocalization and gathering of manufacturing sites of pharmaceutical raw materials, impacting on the resilience of the pharmaceutical supply chain of many medicinal products to the shortage. For example, between 2008 and 2009, the so-called "Great Acetonitrile Shortage" caused shortages of several drug substances, for which synthesis the solvent was used, and drug products (PDA, 2014) . Sartans and immunoglobulins give other examples. In the former case, after the discovery of cancerogenic impurities in sartans (i.e. valsartan, losartan irbesartan) produced by some manufacturers, the blockage of the drug substances' production and multiple medicines' recalls caused severe shortages in most of the European countries (EMA, 2019b). In the latter case, shortages are due to a low-manufacturing capacity in comparison to the growing demand of immunoglobulins. Although the immunoglobulins use has been tripled worldwide in the past 20 years, their production is limited by the availability of human plasma, from which the immunoglobulins are extracted and purified (Carrock Sewell et al., 2014) . In this context, several National Authorities (e.g., France, Germany, UK) have published priority rankings and guidelines for the use of immunoglobulins in clinical practice to reduce the shortage risks and rationalize the patients' access to therapies. In all these cases, the notification process proposed by the EMA/HMA guideline seems not sufficient to detect the risk of shortage since the MAHs are not aware of the resilience of its raw material suppliers to shortage and, therefore, they are not able to monitor effectively raw materials suppliers and predict failures in their manufacturing chain. For these products, more centralized coordination of the risk control strategies by the EMA and, consequently, a more efficient sharing of information among National Regulatory Authorities are needed to better mitigation of shortage impact at a national level and to fulfil the needs of all the patients.
"Antibodies to medicine shortages"
Considering such critical issues and the latest position papers of stakeholder associations (Various Associations, 2019a,b), the establishment of harmonized metrics to classify the impact of medicine shortage on the National Healthcare Systems is a mandatory step to enhance the cooperation among competent National Authorities of the European countries and to rationalize the efforts to mitigate them. Regulators and professional associations have proposed several systematic measures to assess shortage problems (Beck et al., 2019; Bochenek et al., 2018; EMA, 2019c; Jia and Zhao, 2017; Panzitta et al., 2017; PDA, 2014) . However, the proposed strategies are generally designed to face a specific shortage's root cause (e.g., manufacturing failures, low price, distribution-problem). Such strategies cannot be applied to solve all shortage types, and the communications/cooperation among stakeholders may be limited. However, in the end, the existing problem-solving strategies aimed to face the same issue: the medicine unavailability for the patients and the increased risks for their health (Phuong et al., 2019) . Consequently, in the estimation of the shortage impact on the patient needs, this aspect should be primary for harmonizing the existing metrics and rationalizing the problem-solving strategies to be adopted. Based on this assumption, it is proposed a procedure to determine the impact of shortage/unavailability on the healthcare assistance and, therefore, the patient accessibility to therapies, other than the communication strategies to adopt (Fig. 1) .
A shortage can be imagined as a disease for a National healthcare system. Consequently, the procedure can ideally be considered as a shortage-against antibody. Two parts form an antibody: one specific to the antigen (variable region) it has to bind, the other for the recognition by the immune system (constant part). Similarly, an ideal regulatory procedure should be composed by a "constant part", which should be recognized by all EU countries and stakeholders, and a "variable part", which should be more focused on the shortage cause to tackle or the peculiarities of the National regulatory framework. In this way, the resulting metrics allow promoting, on the one hand, the harmonization of the risk assessment of the shortages at EU level and, on the other hand, the rationalization of the preventing management strategies in a cause-specific matter.
Such a procedure may be fully integrable with other existing and adopted strategies and, therefore, it may be an added value for both European Regulatory Authorities and other subjects involved in the National pharmaceutical distribution chains and healthcare systems (e.g., manufacturers, wholesalers, hospitals, pharmacies, insurance companies, regional healthcare Authorities). Indeed, a unique triage procedure for shortage impacts can improve the stakeholders' cooperation in managing the emergencies. At the same time, it can be useful for European Regulatory Authorities to assess the potential risks of shortage for a medicinal product since the obtaining of the marketing authorization, allowing them to establish preventive actions to improve MAH resilience and minimize risks for patients' health. Moreover, the procedure can also be adapted and applied in a hospital setting to allow pharmacists to identify those medicinal products in their stocks which are more likely to be exposed to the risk of shortages, and to set up most appropriate strategies to prevent inefficiencies in healthcare assistance caused by the shortage.
Definition of shortage impact on patients' health
The constant part of the algorithm may be applied by the EMA in Fig. 1 . Scheme of the harmonized procedure to tackle drug shortage in the EU. U.M. Musazzi, et al. International Journal of Pharmaceutics 579 (2020) 119171 consensus with HMA members as part of the activities of the HMA/EMA task force (HMA, 2019) . The constant part of the algorithm aims to provide a harmonized tool for evaluating the impact of drug shortage on clinical demand in each European country. Considering that the negative effects of a medicine shortage strongly varies according to the type of treated disease and the real-world patient assess to therapies, a procedure to assign the overall score for shortage impact (i.e. high, medium, low) may be designed on three levels: I) type of disease to be treated, II) the availability of therapeutic alternatives and III) the market shares of the product in a specific country in comparison to the available alternatives. Table 1 reportes the score for each level. The data needed for each level are either available to competent National Authorities or included in the notification the MAHs have to send them for any expected/ongoing shortages according to the guideline for MAHs (EMA and HMA, 2019a).
3.1.1. Level I -Type of disease to be treated As shown in Fig. 2 , the first step is to classify the medicinal products for which a shortage is expected/ongoing based on the therapeutic indications (Level I), namely: A) products for life-supporting, life-sustaining or rare diseases, B) products for severe or debilitating diseases (acute or chronic), C) products for other diseases. A shortage of a lifesupporting medicinal product resulted in a higher impact on patient health than one used to treat a nonserious illness, such as allergic rhinitis. The score assignment for a medicinal product can be carried out adopting the principles of the VEN (Vital-Essential-Non-essential) analysis (WHO, 2003) or other approaches. Alternatively, an indication of how a competent National Authority considers much essential medicine may be indirectly obtained from the official documentation provided to support its inclusion/exclusion from the list of reimbursed medicines. Indeed, in many European countries (e.g., Italy), the seriousness of the disease is one of the most relevant criteria on which the competent National Authority performs the Health Technology Assessment (HTA) a. Not more than two medicinal products containing drug substances in the same ATC level III (same therapeutic/ pharmacological subgroup) or IV (same chemical/therapeutic/pharmacological subgroup); b. More than two medicinal products for the same ATC level III, but not for the same ATC level IV; c. More than two medicinal products containing drug substances in the same ATC level IV, but no generic products are available for the same ATC level V (same chemical substance or therapeutic moiety); d. More than two generic products for the same ATC level V. III (product market shares in a specific country)
1. Market shares higher than 50% (annual product volumes); 2. Market shares between 25 and 50% (annual product volumes); 3. Market shares lower than 25% (annual product volumes). Fig. 2 . Determination of the shortage impact on patient health. U.M. Musazzi, et al. International Journal of Pharmaceutics 579 (2020) 119171 to determine the eligibility of the medicinal product to be reimbursed. For example, only medicinal products considered "essential" and those for chronic medicinal products get access to the reimbursement after the AIFA assessment (Italian Republic, 1993) . If the same medicinal product is indicated for the treatment of several diseases, the most serious and with the low prevalence should be considered to guarantee the continuity of care to the most fragile patient population.
Level II -The availability of therapeutic alternatives
The seriousness of the shortage impact on public health is also influenced by the existence of therapeutic alternatives that can ensure the continuity of the care (PGEU, 2019) . Therefore, each class should be analysed assessing the availability of other therapeutic options (Level II) (Fig. 2, Table 1 ). A different score is assigned, in decreasing order of importance, based on the negative impact on public health (Table 1) . The lower the number of therapeutic alternatives on the market, the higher the negative effect of the shortage on public health. The scores for the availability of treatments are: a) not more than two medicinal products containing drug substances in the same ATC level III (same therapeutic/pharmacological subgroup) or IV (same chemical/therapeutic/pharmacological subgroup); b) more than two medicinal products for the same ATC level III, but not for the same ATC level IV; c) more than two medicinal products containing drug substances in the same ATC level IV, but no generic products are available for the same ATC level V (same chemical substance or therapeutic moiety); d) more than two generic products for the same ATC level V.
It is noteworthy that available treatments are those that are marketed in a European country. Medicinal products should not be considered in the assessment if they have obtained the marketing authorization but have not been placed in the market by the MAH yet. Moreover, medicines with negligible market share (lower than 2% of the total demand of reference for the product in shortage) should not be taken into account as well, since their negligible impact in preserving patient access to therapies. The differences among scores are based on the criticality associated with the medicine interchangeability. Indeed, it is expectable that a shortage can be easily mitigated by the availability of therapeutically equivalent products, which can be substituted in a pharmacy setting in most of the European countries (Wouters et al., 2017) . Two medicinal products are therapeutically equivalent if they contain the same active substance or therapeutic moiety (ATC Level V) and, clinically, show the same efficacy and safety (EMEA, 2000) . Generic products fall in this class.
On the contrary, the unavailability of generic products implies that, in the best scenario, the benefit/risk balance of the therapeutic interchangeability should be evaluated by a physician. It is the case of medicinal products for which there are alternatives with the same ATClevel III (e.g., penicillins vs tetracyclines) or IV alternatives (e.g., amoxicillin vs ampicillin). In both cases, the efficacy/safety patterns of two alternatives may not be the same and, therefore, the substitution cannot be automatically carried out by the community pharmacists. Consequently, the shortage impact is potentially higher because the patient is exposed to a higher risk of cure discontinuity if the physician is not promptly accessible.
Level III -The market shares of the product
The existence of therapeutic alternatives may not be enough to mitigate the negative effect of a medicine shortage. Indeed, if the therapeutic alternative has low market shares, the MAHs supply cannot be enough to fulfil the patients' needs during the crisis. The risks of shortage for the low-market-share alternatives is also increased for a ripple effect. The more monopolistic is the market of a medicinal product, the higher the probability that competitors are not able to sustain the patient demands during a shortage. Indeed, Parsons and colleagues suggested the existence of an inverse correlation between the number of suppliers for antineoplastic drugs in the US and shortages' occurrence (Parsons et al., 2016) . Regardless of the presence of therapeutic alternatives on the market, the lower the supplier number, the greater the number of drug shortages. Therefore, for algorithm level III, the higher the market shares of a medicine (expressed as annual volumes) in comparison to the existing therapeutic alternatives, the higher the potential risks for the public health in case of shortage.
Consequently, the following scores were empirically defined (Table 1) : 1) a market share higher than 50% of the entire National market; 2) a market share between 25 and 50%; 3) a market share lower than 25%. For scores b) and c) of the Level II, the product market shares should be estimated concerning the ATC level III or IV in which the product is included. For score d) of Level II, the Level-III score should be determined in comparison to all the products included in the same ATC level V.
Risk-management strategies
Based on the scores obtained in the constant part of the algorithm, decision trees for risk-management strategies (i.e. variable part of algorithm) can be built up according to the features of different settings (e.g., manufacturers, wholesalers, hospitals, pharmacies) or National regulatory frameworks. Some examples of the possible applications to the variable part of the algorithm are reported below.
Manufacturers' strategies to reduce shortages
A medicine shortage may be caused by a blockage of the production for different causes (e.g., the unavailability of raw materials, qualityfailures, GMP no-compliance, quality defects). In this context, considerable efforts have been made from Regulatory Authorities and professional associations to improve the quality in the pharmaceutical processes to minimize the risk for the patients and improve the effectiveness of the manufacturing processes (ISPE, 2014; PDA, 2014; EMA, 2019c; Various Associations, 2019b) . For example, a nine-fold increase in the EMA quality guidelines was observed between 2005 and 2015.
To mitigate the risk of quality-failures, the EMA promoted the application of the quality-by-design and quality risk assessment principles to the manufacturing of medicinal products (EMA, 2015a (EMA, ,b, 2017 . The rationalization of pharmaceutical manufacturing and the control strategies can be derived from a better knowledge of the product and process. The traditional quality control process has been generally based on the testing of most critical parameters and manufacturing steps can impact on the quality of the intermediates or the final medicinal product. The control setpoints and operating ranges are, therefore, fixed based on the experiments carried out in the pharmaceutical development, and their change should be notified/authorized by a Regulatory Authority as post-approval change. The application of a modern pharmaceutical quality system promotes a systematic and continuous evaluation, understanding and refining of the formulation and the manufacturing process by the identification of the critical material attributes and process parameters and by the determination of the existing functional relationship between such factors and the responses (i.e. quality profile of the products). However, effective pharmaceutical quality systems require close collaboration between the MAH and their suppliers of raw materials to promote a more rational definition of the critical quality attributes of the drug product and to improve the production resilience. The implementation of the quality risk management plan, including shortage-specific prevention and management plan, was proposed to enhance the resilience of manufacturers to shortages, (ISPE, 2014; PDA, 2014; Panzitta et al., 2017) . For example, Panzitta and co-workers proposed a qualitative risk assessment based on a classification of different risk factors, causing a shortage in the manufacturing process (Panzitta et al., 2017) . Based on the resulting risk ranking, the manufacturer can define proper strategies to prevent shortage (e.g., increase of the raw material suppliers, expansion of the material stocks). However, some measures may not apply to all the situation since their high impact on economic sustainability. For example, the maintenance of large material stockpiles or the expansion of the suppliers' number, with the relative increase of inspections and audits, might be not sustainable for manufacturers of the low-price drug products. For these considerations, the adoption of the preventing tools proposed by the stakeholders' associations (PDA, 2014; ISPE, 2014 ) could be carried out gradually by the MAHs based on both the shortage impact of a product on the treated patients and the economic sustainability for the MAHs production.
In this context, the proposed algorithm can be applied to enforce the gradual implementation of the pharmaceutical quality systems for MAHs most vulnerable to shortage risks. As shown in Fig. 3 , the obligations for MAHs are determined based on the shortage impact score. For products with a high shortage impact, the establishment of a shortage prevention plan seemed essential to ensure an appropriate and continued supply to fulfil patients' needs. For such products, manufacturer's resilience should be improved by more onerous provisions, such as the obligation for MAHs to qualify at least two suppliers of drug substance, the stockpiles' expansion and the implementation of the manufacturing technologies and risk assessment tools. In this context, the establishment of ad hoc agreements between European countries and MAH to conduct exceptional manufacturing activities in specific National sites can also be pursued. As an example, in Italy, National military manufacturing site has been involved in such activities to mitigate the impact of severe shortage, especially in the case of old and low-cost medicinal products (Di Giorgio et al., 2019) . On the other side, if the shortage impact of medicinal products on the public health is low, it is not reasonable to charge the MAHs with additional costs and, therefore, affect the economic sustainability for the implementation of quality assurance systems that may have a limited positive impact on the continuity of care.
Strategies to improve economic sustainability
Medicine prices are cited among the causes of shortages worldwide (Jia and Zhao, 2017; Bochenek et al., 2018; Heiskenen et al., 2017; De Weerdt et al., 2015b; Dave et al., 2018) . Indeed, especially for low-price medicinal products, the market competition may affect the economic sustainability of the MAHs significantly, decreasing their manufacturing capacity and resilience to demand fluctuation. In this context, MAHs may not be able to fulfil appropriately the guidance reported in the ISPE drug shortage prevention plan as suggested by the last HMA/ EMA guideline (EMA and HMA, 2019a) . Indeed, especially for old medicinal products, the costs of the upgrade to the required high-quality standards and risk assessment plan may be too high to maintain the MAH economic sustainability. In this context, European associations representing manufacturers, parallel distributors, pharmaceutical full-line wholesalers and industrial pharmacists recently stressed the need of establishing proper reward actions by the competent Authorities for supporting their activities to comply with regulation upgrades (e.g., Falsified Medicines Directive) (Various Associations, 2019b).
The application of economic incentives to MAHs has been proposed as a solution to prevent shortages. For example, Jia and Zhao demonstrated that a price increase of 30% results in a significant reduction of risk of shortage in the US market (Jia and Zhao, 2017) . However, a similar approach cannot be fully applied in the EU, considering the fragmentation of the European price and reimbursement policies (WHO, 2018) . Economic incentives to MAHs producing medicinal products can be provided as cut-off of the regulatory costs/times to implement the quality in their manufacturing process and to improve their resilience to production blockage. It is not feasible to introduce economic incentives for all medicinal products since it can affect the budgets of the Regulatory Authorities or, more in general, those of the National Healthcare Systems. Therefore, proper harmonized decision trees should be designed to apply regulatory incentives only to the most vulnerable medicinal products to shortages. Since fees and times for dossier variations vary significantly among the European Regulatory Authorities (EGA, 2015) , the extent of the regulatory incentives cannot be defined a priori at EU-level, but they should be calculated as percentages of current fee and regulatory time to be more adaptable to the different National settings (Fig. 4) . Fig. 4 showes a hypothetical decision tree for regulatory incentives that merge the shortage impact score obtained by the constant part of the algorithm (Fig. 2) and the product price. The latter was normalized by the real-world market share. Indeed, at the same market price, the incentive impact is more relevant for low-volume medicinal products than high-volume ones.
However, as Jia and Zhao demonstrated (Jia and Zhao, 2017) , the efficacy of the regulatory incentives in preventing shortages is also linked to the creation or the strengthened of failures-to-supply clauses for MAHs in the reimbursement agreements. These strategies permit to improve MAH sustainability and to ensure a proper supply for the patient demand. Noteworthy, it is not expectable that such provisions can solve the economic sustainability of a product in a long-term perspective, but there is no doubt that they can mitigate the MAH situations in Fig. 3 . Decision tree for risk control strategies for manufacturers. For drug shortage prevention plan please refers to the ISPE document (ISPE, 2014), while control strategies are extrapolated in agreement with the priority level proposed in the PDA Technical report no. 68 (PDA, 2014). U.M. Musazzi, et al. International Journal of Pharmaceutics 579 (2020) 119171 short and medium-term, allowing the adoption of proper strategies to rationalize the production and to improve MAH sustainability.
Importation/exportation mitigation strategies
If a medicinal product is affected by an expected/ongoing shortage in a specific country, the competent National Authorities can authorize its importation from other countries (EU or extra-EU) to ensure the patients' needs. A recent survey on German Pharmacists demonstrated that 38% of community and about 90% of hospital pharmacies have imported medicinal products in the last three months (Said et al., 2018) . German pharmacists are allowed to import medicinal products only in presence of an order for a specific individual patient and in a small quantity when no products, which are identical in terms of drug substances and comparable in strength, are available in Germany for the same therapeutic indications [Section 73 (3) of the Medicinal Products Act (Arzneimittelgesetz -AMG)]. In other European countries, the importation of medicinal products is also permitted if the importer obtained a formal authorization of the competent National Authorities (e.g., Italy). For example, the AIFA periodically releases on its portal a list of medicinal products in shortage for which hospitals are authorized to import them (234 products are included in the list at 9th August 2019) (AIFA, 2019a). Unlike the AIFA list of medicinal products in shortage (more than 2000 items) (AIFA, 2019a), the import-authorization list includes only medicinal products for with no therapeutic alternatives are available on the Italian market. Regardless of the procedure required at the National level, the medicine importation is, in most of the cases, the unique possibility for healthcare professionals to ensure the continuity of care to patients if a National therapeutic alternative is not available. However, an excessive recourse to parallel imports from other European countries may harm medicine unavailability in other ones for a ripple effect. This effect may be worsened by uncontrolled medicine movements for economic reasons by parallel trade, under the Art. 34 of the Treaty on the Functioning of the European Union (TFEU) (Di Giorgio et al., 2019) . However, Art. 36 of TFEU enabled competent National Authorities to establish prohibitions or restrictions on parallel imports, exports on the grounds of the protection of health and life of humans (European Commission, 2018). Consequently, several European countries included specific restrictions of the product exportation to preserve the National stockpiles during shortages in their regulatory frameworks (Bochenek et al., 2018) . However, restriction criteria for medicines affected by shortage are not harmonized at the EU level. In France and Poland, the exportation ban applies to all medicinal products of high therapeutic value that are in shortages. In Greece, the ban was first applied to vaccines and then extended to all medicinal products in shortages. In Spain, the competent Authority can restrict exportation only to medicinal products with not therapeutically equivalents. In Italy, the competent Authorities adopted a combined approach to prevent that exportations could worsen the products shortages/unavailabilities. On the one side, the AIFA has started a preventive verification program on the exporting wholesalers and distributors to detect potential violations of good distribution practice and traceability rules, causing abnormal exportation of medicinal products. As reported by Di Giorgio et al., a pilot verification project conducted showed effectiveness in reducing the distribution-related unavailability on specific tracing products (Di Giorgio et al., 2019) . In particular, the adopted counteracting measures seemed more efficient in preventing unavailabilities that affected community pharmacies than hospital ones. On the other side, the Italian regulatory framework has been updated to permit AIFA to impose temporary blockage of exportations to prevent or mitigate drug shortages or unavailability of a medicinal product authorized in Italy (Art. 13, Decree-Law n. 35 of 30th April 2019, as converted by Law n. 60 of 25 June 2019). At the moment, seven medicinal products [i.e. four Sinemet® strengths (levodopa/carbidopa), Questran® (cholestyramine), Famotidina EG® (famotidine), Ongentys® (opicapone)] are included in the AIFA list for exportation ban (AIFA, 2019b) . In most of the cases, the list includes products for which the shortage has recently ended and for which there are distribution-related unavailabilities in Italy (i.e. products containing levodopa/carbidopa and cholestyramine). Indeed, the provision aims to prevent that parallel exportation may delay the wholesalers' capability in restoring the supply to the Italian community and hospital pharmacies during the post-emergency period. The medicinal products containing opicapone (Ongentys® 50 mg, 30 capsules) and famotidine (Famotidina EG® 40 mg, 10 tablets) have been included for preventive purpose. Ongentys® is the only medicinal product containing opicapone, which is used to treat adults with Parkinson's disease. Since the MAH had communicated the medicine shortage from 6th November 2019 to 15th January 2020 for manufacturing issues, the exportation ban was activated by the AIFA to prevent any medicine depletion of the National stock that could affect the patient's access to therapy. Famotidine is the only drug substance with the same ATC level IV of ranitidine available on the Italian market. After the detection of a possible cancerogenic impurity (i.e., NDMA) in several batches of drug substance, EMA required the massive withdrawal of ranitidine products Fig. 4 . Decision tree for regulatory incentives. U.M. Musazzi, et al. International Journal of Pharmaceutics 579 (2020) 119171 around the EU (EMA, 2019d). Consequently, the famotidine demand has exceeded the MAH production capability, running out the available stocks. In this context, the exportation ban established by AIFA aimed to preserve the National product stocks for removing as long as possible the onset of famotidine shortage.
Here again, the establishing a unique decision tree to support National decision about medicine importation/exportation could be useful to reduce the fragmentation of shortage-mitigating strategies among European countries and to improve the effectiveness of the National strategic plan to satisfy the patients' needs, without altering the National regulatory framework.
As shown in Fig. 5 , a hypothetical decision tree may link the possibility to import or block the exportation to the shortage impact score established with the constant part of the algorithm (Fig. 2) . For high/ medium impact medicinal products, the importation should be allowed during an ongoing shortage. In the case of high-impact products, fast authorization procedures should also be adopted to speed up the importation from other EU (parallel imports) or extra-EU countries with similar pharmaceutical quality standards to the EU, from which the medicine can be exported without any ripple effect. On the other side, it may not be convenient in the case of low-shortage-impact products, since therapeutic alternatives are available at the National level, and they may worsen the shortage situation in other European countries. However, the importation of medicinal products should always be allowed in exceptional cases, such as a substantial reduction of the National supply of all therapeutically equivalents or specific patients' needs justified by their clinical conditions (e.g., allergies to excipients, rare metabolic diseases). Moreover, a similar decision tree can also be used to support National Competent Authorities in the adoption of regulatory pathways such as Art. 126a of Directive 2001/83/EC to ensure the availability of medicines in a specific market, particularly for those with a high shortage impact on public health.
The blockage/restriction of exportations can be feasible as preventing/mitigating strategies in specific circumstances. It is the case of all medicinal products for which the shortage has recently ended, and the supply is lower than a warming level and cannot adequately fulfil the National demand. Here again, the establishment of an exportation ban can be useful for high-impact products since the maintenance of National stocks directly influence the capability of healthcare systems to ensure patient access to therapy. For low-shortage-impact products, such strategies may be a too restrictive provision because of the negligible effects on the continuity of the care. Indeed, therapeutically equivalent medicinal products can be substituted with therapeutic alternatives without compromising the safety of patients. For mediumshortage-impact products, the adoption of exportation restrictions should be evaluated case-by-case based on the availability of other therapeutic options.
Moreover, the promising results obtained by some National competent Authorities (e.g., AIFA) suggested that setting up cooperation schemes between administration and other stakeholders, fostering a responsible approach in managing crisis in medicines supply, also allowing, for instance, surveillance/verification programs that may represent rational and effective preventive strategies to monitor the activities of exporting wholesalers and distributors for reducing the risks of product unavailability. If such tools are strongly necessary for highshortage-impact products, their adoption as a preventive action to monitor medium-and low-impact products is also desirable. However, for low-and medium-impact products, the development of protocols to rationalize the clinical medicine substitution or to activate importation procedures may be more effective. In this context, education programs should be performed by competent Authorities to ensure update of healthcare professionals on these topics.
Communication to the public
The shortage impact scores calculated with the constant part of the algorithm can be used to improve and rationalize how to communicate a shortage to the public and patients. Recommendations how to better communicate shortages to patients were introduced by the last HMA/ EMA guideline (EMA and HMA, 2019b) . In this context, it is worth underlining that communication strategies should be carefully planned based on the level of shortage criticality for public health (high, medium, low). Without any doubt, the patients' awareness about shortage is an important aspect that the competent Authorities have to consider in every mitigation action they can adopt. However, it is essential to avoid alarmism in patients, especially when therapeutic alternatives are promptly available. High-profile communication tools (e.g., press release, social network, television, radio) should be U.M. Musazzi, et al. International Journal of Pharmaceutics 579 (2020) 119171 preferred to communicate the shortages of medicinal products with high impact score, whereas drug alerts to healthcare professionals and patient's associations can be sufficient for products with medium and low impact scores. Moreover, the shortage-impact scores can be used as a basis for harmonizing the graphical formats of the communication campaigns in all the EU countries. For examples, red, yellow, and green colours can be used in the systematic National shortage lists, but also in the paper communications, posts on social networks, alerts in the software used by physicians and pharmacists to better identify the medicinal products with high, medium and low impact scores, respectively.
Conclusion
Economic globalization has promoted the delocalization and gathering of manufacturing sites of drug substances and medicinal products, stressing the resilience of the pharmaceutical supply chain of many medicinal products to the shortages. The European countries cannot face the different shortage crisis alone, but the cooperation at EU-level is necessary to provide practical and rational solutions to the problem. For mitigating shortages that affect the Union, the stronger coordination at EU-level and the harmonization of communication, risk-assessment and risk-management strategies are desirable and urgent. Although further studies in real-world settings are needed to complete the validation of the procedure and decision trees, the approach proposed in this article may contribute to improving the information sharing and cooperation among European countries. Indeed, risk-assessment and risk-management strategies adopted by professionals (e.g., pharmacists) and other stakeholders can be rationalized and harmonized based on the medicines shortage impact scores calculated by a competent National Authority.
Moreover, the structure of procedure and decision trees may be adapted and used as a model to build up risk-management strategies for local needs of a specific healthcare assistance setting (e.g., single hospital). However, considering that the shortage-impact assessment is linked to the authorized therapeutic indications of medicinal products in the procedure here proposed, a limitation of the latter, which is also valid for other shortage-mitigation strategies, is that the off-label use of medicinal products in specific patient populations (e.g., paediatrics) is not tracked and, therefore, the shortage impact may not be assessed adequately in this field. In this context, following the example of the provision adopted by several National Authorities to ensure patient access to immunoglobulins treatment (e.g., France, Germany, UK), the establishment of treatment priority rankings, clinical practice guidelines and clinical records may be possible solutions. For these activities, the involvement of EMA scientific committees can be considered an added value for supporting the efforts of competent National Authorities. In parallel, the cooperation among Regulatory Authorities and stakeholders of the pharmaceutical distribution chain should also be improved to set up shared strategies to mitigate distribution-related unavailability in specific geographic regions and to prevent shortages. In this context, the establishment of permanent consultation or task force groups is desirable both at National and European levels for speeding up the resolution of medicine shortage emergency. 
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